Objective: To determine the role of p38 mitogen-activated protein kinase (MAPK) signaling in endotoxin-induced liver injury. Background: MAPKs have been reported to play a potential role in regulating inflammatory responses, but the role of p38 MAPK signaling in chemokine production, leukocyte recruitment, and hepatocellular apoptosis in the liver of endotoxemic mice is not known. Methods: Endotoxin-induced leukocyte-endothelium interactions were studied by use of intravital fluorescence microscopy in the mouse liver. Tumor necrosis factor-␣ (TNF-␣) and CXC chemokines, liver enzymes, and apoptosis were determined 6 hours after endotoxin challenge. The specific p38 MAPK inhibitor SB 239063 was given immediately prior to endotoxin exposure. Phosphorylation and activity of p38 MAPK were determined by immunoprecipitation and Western blot. Results: Endotoxin increased phosphorylation and activity of p38 MAPK in the liver, which was markedly inhibited by SB 239063. Inhibition of p38 MAPK signaling dose-dependently decreased endotoxin-induced leukocyte rolling, adhesion, and sinusoidal sequestration of leukocytes. SB 239063 markedly reduced endotoxininduced formation of TNF-␣ and CXC chemokines in the liver. Indeed, the endotoxin-provoked increase of liver enzymes and hepatocellular apoptosis were abolished and sinusoidal perfusion was restored in endotoxemic mice treated with SB 239063. Conclusions: This study demonstrates that p38 MAPK signaling plays an important role in regulating TNF-␣ and CXC chemokine production in endotoxemic liver injury and that inhibition of p38 MAPK activity abolishes endotoxin-induced leukocyte infiltration as well as hepatocellular apoptosis. These novel findings suggest that interference with the p38 MAPK pathway may constitute a therapeutic strategy against septic liver damage. D espite aggressive surgical interventions, antibiotic therapies, and immunoneutralization of tumor necrosis factor-␣ (TNF-␣), sepsis and subsequent multiple organ failure remains the major cause of morbidity and mortality in intensive care units. Liver damage constitutes an insidious feature of septic patients, and numerous studies have demonstrated that leukocyte recruitment is a rate-limiting step in endotoxemic liver injury.
D
espite aggressive surgical interventions, antibiotic therapies, and immunoneutralization of tumor necrosis factor-␣ (TNF-␣), sepsis and subsequent multiple organ failure remains the major cause of morbidity and mortality in intensive care units. Liver damage constitutes an insidious feature of septic patients, and numerous studies have demonstrated that leukocyte recruitment is a rate-limiting step in endotoxemic liver injury. [1] [2] [3] Tissue accumulation of leukocytes is a multistep process initiated by tethering and rolling followed by subsequent firm leukocyte adhesion and transmigration. 4, 5 Endotoxin stimulation is known to increase formation of pro-inflammatory molecules, such as TNF-␣, which in turn, up-regulate endothelial cell adhesion molecules, including P-selectin and intercellular adhesion molecule-1 (ICAM-1). 6 P-selectin has been shown to support leukocyte rolling, which is a precondition for subsequent firm adhesion of leukocytes in postsinusoidal venules in the liver. 7 Moreover, endotoxininduced firm leukocyte adhesion in the hepatic microvasculature has been demonstrated to be mediated by lymphocyte function antigen-1 (LFA-1). 8 LFA-1 belongs to the ␤ 2 -integrin family of adhesion molecules expressed on leukocytes, which bind to members of the immunoglobulin supergene family expressed on endothelial cells, such as ICAM-1. 5 A recent study demonstrated that endotoxin-induced extravascular infiltration of leukocytes into the liver is critically dependent on the formation and action of CXC chemokines, including macrophage inflammatory protein-2 (MIP-2) and cytokine-induced neutrophil chemoattractant (KC). 9 Thus, the adhesive mechanisms behind hepatic recruitment of leukocytes are relatively well known, whereas the signaling pathways regulating these endotoxin-provoked pro-inflammatory activities in the liver remain elusive.
Signal transduction pathways through stress-activated mitogen-activated protein kinases (MAPKs) constitute major pathways by which extracellular stimuli are integrated and transmitted as an intracellular signal. 10 MAPKs have been reported to play a key role in regulating cytokine production in response to a broad range of stimuli, including ischemia/ reperfusion, 11, 12 ultraviolet light, 13 heat shock, 14 and microbial infection. 15, 16 The 3 major MAPK signaling pathways include p38 MAPK, extracellular signal-regulated protein kinases (ERK1/2), and c-Jun NH 2 -terminal protein kinases (JNKs). 10 In particular, activation of the p38 MAPK pathway has been implicated in the generation of pro-inflammatory cytokines, such as TNF-␣, interleukin-1 (IL-1), IL-6, and the CXC chemokine IL-8. 17, 18 Indeed, it has been shown that inhibition of p38 MAPK may protect against numerous and diverse disease processes, including models of arthritis, 19 ischemia/reperfusion injury, 11, 12 and cardiac hypertrophy and dysfunction. 20 Convincing data have shown that p38 MAPK can regulate LPS-induced secretion of TNF-␣ from macrophages in vitro. 17 In addition, 2 previous studies have reported activation of p38 MAPK in the liver during endotoxemia. 21, 22 However, the role of the p38 MAPK pathway in endotoxin-induced leukocyte recruitment and hepatocellular injury is not known.
Based on the considerations above, the aim of the present study was to systematically define the regulatory mechanisms and functional importance of p38 MAPK signaling in endotoxin-induced CXC chemokine expression, leukocyte recruitment, and apoptosis in the liver.
MATERIALS AND METHODS

Animals
Adult male C57Bl/6 mice (22-27 g) were kept on a 12-12 hour light-dark cycle with free access to food and tap water. Animals were anesthetized by intraperitoneal (i.p.) administration of 7.5 mg ketamine hydrochloride (Hoffman-La Roche, Basel, Switzerland) and 2.5 mg xylazine (Janssen Pharmaceutica, Beerse, Belgium) per 100 mg body weight. The local ethics committee at Lund University approved all the experiments of this study.
Experimental Protocol
Mice were pretreated i.p. for 6 hours with or without (negative control animals) a combination of lipopolysaccharide (LPS, 10 g/mouse, Sigma Chemical Co.) and D-galactosamine (Gal, 18 mg/mouse, Sigma Chemical Co., St. Louis, MO) dissolved in phosphate-buffered saline (PBS). To delineate the role of p38 MAPK in endotoxin-induced leukocyte recruitment and liver injury, we used a specific p38 MAPK inhibitor, SB 239063 ͓trans-1-(4-hydroxycyclohexyl)-4-(4-fluorophenyl)-5-(2-methoxypyridimidin-4-yl)imidazole͔ (Sigma Chemical Co.) in endotoxemic mice. SB 239063 is a second-generation p38 MAPK inhibitor that has been shown to be extremely selective for p38 MAPK (IC 50 for inhibition of p38 MAPK: 0.44 mol/L; for MEK1/2, ERK1/2, and JNK, Ͼ10 mol/L).
23 SB 239063 (4 and 40 mg/kg) or vehicle (acidified 0.5% tragacanth) was administered i.p. immediately prior to endotoxin challenge.
Intravital Microscopy
The right jugular vein was cannulated with a polyethylene catheter for intravenous (i.v.) administration of test substances. A transverse subcostal incision was performed, and the ligamentous attachments from the liver to the diaphragm and the abdominal wall were gently released. Animals were positioned on their left side and the left liver lobe was carefully exteriorized onto an adjustable stage for analysis of hepatic microcirculation by use of intravital fluorescence microscopy as described previously. 9 Briefly, we used a modified Olympus microscope (BX50WI, Olympus Optical Co. GmbH, Hamburg, Germany), and the image was televised using a charge-coupled device video camera (FK 6990 Cohu, Pieper GmbH, Schwerte, Germany) and recorded on videotape for subsequent off-line evaluation. Blood perfusion within individual microvessels was studied after contrast enhancement by FITC-dextran (0.1 mL, 2 mol/kg, Sigma Chemical Co.). In vivo labeling of leukocytes with rhodamine-6G (0.1 mL, 0.05 mg/mL, Sigma Chemical Co.) enabled quantitative analysis of leukocyte flow behavior in the hepatic microcirculation. Five postsinusoidal venules with connecting sinusoids were evaluated in each animal. Venular leukocyte rolling was measured by counting the number of cells rolling in the venule during 30 seconds and expressed as cells/min. Leukocyte adhesion was measured by counting the number of cells that adhered along the venular endothelium and remained stationary during the observation period of 30 seconds, and expressed as cells/mm venule length. Sinusoidal trapping was determined in 20 to 30 high power fields and given as cell/10 high power fields. The number of perfused sinusoids is given as a percentage of the total number of sinusoids observed (ie, sinusoidal perfusion). Hepatocyte apoptosis was determined by topical application of the fluorochrome Hoechst 33342 (0.02 mL, 0.2 g/mL, Molecular Probes, Leiden, the Netherlands) onto the liver surface for staining of hepatocyte DNA. Hoechst 33342 is a fluorescent dye that enables analysis of nuclear morphology, eg, nuclear condensation and fragmentation in cultured hepatocytes and endothelial cells. 24 Hepatocyte apoptosis is given as the percentage of the number of hepatocyte nuclei showing apoptotic features from the total number of hepatocyte nuclei observed. Blood was drawn and alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were analyzed using standard spectrophotometric procedures.
Caspase-3 Protease Activity
Caspase-3 protease activity in the liver tissue was measured using a caspase-3 colorimetric assay kit (R & D Systems) according to the manufacturer's instructions. Briefly, after homogenization of whole liver tissue in cell lysis buffer, homogenates were centrifuged and the supernatant was incubated with DEVD-pNA and reaction buffer for 90 minutes at 37°C. Levels of the chromophore pNA released by caspase-3 activity were quantified spectrophotometrically. The data are given as fold increases in caspase-3 activity of test livers relative to PBS-treated control livers.
ELISA
Levels of TNF-␣, KC, and MIP-2 in the liver and serum were determined by use of double antibody Quantikine ELISA kits (R & D Systems) according to the manufacturer's instructions using recombinant murine TNF-␣, KC, and MIP-2 as standards. The minimal detectable protein concentrations are less than 0.5 pg/mL.
Immunoprecipitation and p38 MAPK Activity Assay
To analyze the kinase activity of p38 MAPK and the inhibitory effect of p38 MAPK by SB 239063 in the liver, an in vitro kinase assay was used according to the manufacturer's instructions (Cell Signaling Technology, Beverly, MA). Liver sections were weighed and homogenized in lysing buffer. Activated p38 MAPK was immunoprecipitated by incubating lysates with a p38 MAPK antibody immobilized by crosslinking to agarose hydrazide beads (Cell Signaling Technology). Next, the beads were pelleted, and the precipitated p38 MAPK was incubated with activating transcription factor-2 (ATF-2) fusion protein and ATP for 30 minutes at 30°C. After the reaction was terminated by boiling in SDS sample buffer, samples were centrifuged and the pellets discarded. Samples were separated by electrophoresis and transferred onto nitrocellulose membrane. Membranes were probed with an antibody specific to phosphorylated (Thr71) ATF-2 and a secondary horseradish peroxidase-conjugated antibody, and the resultant signal was detected by adding diaminobenzidine.
Histology
Samples were taken from the left lobe of liver and fixed in 4% formaldehyde phosphate buffer overnight. Dehydrated, paraffin-embedded, 6-m sections were stained with hematoxylin and eosin and analyzed under light microscopy.
Statistical Analyses
Data are presented as mean values Ϯ SEM. Statistical evaluations were performed using Kruskal-Wallis one-way analysis of variance on ranks followed by multiple comparisons versus control group (Dunn's method). P Ͻ 0.05 was considered significant, and n represents the number of animals.
RESULTS
Phosphorylation and Activity of p38 MAPK
Liver tissue proteins were extracted, and p38 MAPK was examined by Western blot analysis. We observed that challenge with LPS caused clear-cut phosphorylation of p38 MAPK in the liver (not shown). To determine whether this increase in p38 MAPK phosphorylation in the liver actually represented a functional increase in p38 MAPK activity, phosphorylated p38 MAPK immunoprecipitated from liver lysates was examined for its capacity to phosphorylate the downstream p38 MAPK substrate, ATF-2. As shown in Figure 1 , it was found that phosphorylation of ATF-2 was increased, suggesting that the hepatic p38 MAPK activity was elevated in LPS-treated mice. Notably, we found that ATF-2 phosphorylation (ie, p38 MAPK activity) was markedly reduced in endotoxemic animals pretreated with SB 239063 (Fig. 1) . Administration of SB 239063 alone did not stimulate p38 MAPK activity in the liver (Fig. 1) . 
Hepatocellular Injury and Apoptosis
Endotoxin challenge provoked a significant liver injury, indicated by the prominent increase in liver injury enzymes (Fig. 2) . Indeed, we found that ALT and AST increased by more than 57-fold and 50-fold, respectively, in endotoxemic mice ( Fig. 2 ; P Ͻ 0.05 versus negative control, n ϭ 5-8). Administration of SB 239063 significantly protected against the LPS-induced increase in liver enzymes in a dose-dependent fashion (Fig. 2) . For example, pretreatment with 40 mg/kg of SB 239063 reduced ALT and AST from 35.2 Ϯ 2.2 Kat/L and 40 Ϯ 5.3 Kat/L down to 4.2 Ϯ 1 Kat/L and 7.5 Ϯ 1 Kat/L, respectively, in endotoxemic mice ( Fig. 2 ; P Ͻ 0.05 versus vehicle, n ϭ 5-8). Thus, inhibition of p38 MAPK signaling reduced liver enzymes by more than 80%. Apoptosis is a key feature of endotoxin-induced liver damage. Herein, we evaluated apoptosis using 2 different methods. First, we determined the level of apoptosis by use of the DNA-binding fluorescent dye Hoechst 33342, which stains the nuclei of hepatocytes and permits quantification of the percentage of cells with nuclear condensation and fragmentation. 24 In negative control mice, we found that the percentage of apoptotic hepatocytes was 2.7% Ϯ 0.2%, which was significantly increased by endotoxin to 31.8% Ϯ 3%, ie, by almost 12-fold ( Fig. 3 ; P Ͻ 0.05 versus negative control, n ϭ 5-8). Notably, it was observed that pretreatment with SB 239063 dose-dependently reduced endotoxin-induced apoptosis (Fig. 3) . For example, 40 mg/kg of SB 239063 decreased the percentage of apoptotic hepatocytes down to 6.0% Ϯ 1.1% in endotoxemic mice, corresponding to an 88% reduction ( Fig. 3 ; P Ͻ 0.05 versus vehicle, n ϭ 5-8). Next, we determined the activation of the protease caspase-3, which is an important and early step in hepatic parenchymal cell apoptosis. Indeed, we found that caspase-3 activity in the liver was elevated almost 3-fold in animals exposed to endotoxin ( Fig. 4 ; P Ͻ 0.05 versus negative controls, n ϭ 5-8). Interestingly, this LPS-induced increase in caspase-3-activity was reduced by 81% in animals pretreated with 40 mg/kg of SB 239063 ( Fig. 4 ; P Ͻ 0.05 versus vehicle, n ϭ 5-8). Moreover, morphologic examination showed normal microarchitecture in livers from PBS-treated animals (Fig. 5A) , whereas administration of LPS resulted in severe destruction of the liver tissue structure characterized by massive panlobu- 
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p38 MAPK in Septic Liver Injury lar hemorrhage and necrosis as well infiltration of neutrophils (Fig. 5B ). In line with the aforementioned data on apoptosis and liver enzymes, it was found that pretreatment with 40 mg/kg of SB 239063 almost completely protected against endotoxininduced destruction of tissue architecture, hepatocellular damage, and neutrophil infiltration in the liver (Fig. 5C ).
Leukocyte Responses and Sinusoidal Perfusion
Leukocyte recruitment is a rate-limiting step in endotoxin-induced liver injury. 2, 3 The number of rolling and adherent leukocytes was 3 Ϯ 0.3 cells/min and 2 Ϯ 0.1 cells/mm, respectively, in negative control mice ( Fig. 6 ; n ϭ 5). Administration of LPS greatly enhanced leukocyte responses in postsinusoidal venules (Fig. 6) . Thus, endotoxin challenge increased leukocyte rolling to 22.8 Ϯ 3.1 cells/min and firm leukocyte adhesion to 18.4 Ϯ 2.8 cells/mm ( Fig. 6 ; P Ͻ 0.05 versus negative control, n ϭ 5). Notably, pretreatment with SB 239063 (40 mg/kg) significantly decreased leukocyte-endothelium interactions in the liver. Indeed, inhibition of p38 MAPK activity decreased leukocyte rolling and adhesion down to 8.6 Ϯ 1.5 cells/min and 8.6 Ϯ 1.2 cells/ mm, respectively ( Fig. 6 ; P Ͻ 0.05 versus vehicle, n ϭ 5), which corresponds to a more than 60% reduction in leukocyte responses. Endotoxin-induced hepatic injury is also characterized by reduced perfusion and increased sequestration of leukocytes in the sinusoids. 3 Thus, it was observed that the percentage of perfused sinusoids decreased from 98.1% Ϯ 0.2% down to 80.4% Ϯ 2.5% in response to LPS challenge (P Ͻ 0.05 versus negative control, n ϭ 5). Pretreatment with 40 mg/kg of SB 239063 significantly increased sinusoidal perfusion up to 91.6% Ϯ 1.8% (P Ͻ 0.05 versus vehicle, n ϭ 5). Moreover, LPS stimulation increased sinusoidal trapping of leukocytes by more than 5-fold, ie, from 5.0 Ϯ 0.5 cells/10 high power fields up to 38.8 Ϯ 3.5 cells/10 high power fields (P Ͻ 0.05 versus negative control, n ϭ 5). We found that 40 mg/kg of SB 239063 significantly improved sinusoidal perfusion by 63% and decreased sinusoidal sequestration of leukocytes by 84% in endotoxemic mice (P Ͻ 0.05 versus vehicle, n ϭ 5).
Expression of TNF-␣ and CXC Chemokines
Numerous studies have shown that TNF-␣ plays a dominant role in LPS-induced liver injury. 25 Indeed, we found that endotoxin challenge provoked clear-cut induction of TNF-␣ both in the liver and circulation (Fig. 7) . Baseline levels of TNF-␣ in the liver were 8.2 Ϯ 4.6 pg/g tissue (Fig.  7A) . LPS exposure increased liver TNF-␣ to 858 Ϯ 174 pg/g ( Fig. 7A ; P Ͻ 0.05 versus negative control, n ϭ 5-8). In mice treated with 40 mg/kg of SB 239063, the level LPS-induced TNF-␣ in the liver was reduced down to 366 Ϯ 60 pg/g ( Fig.  7A ; P Ͻ 0.05 versus vehicle, n ϭ 5-8). Moreover, LPS increased the serum levels of TNF-␣ from 9.9 Ϯ 3.7 pg/mL to 228 Ϯ 55 pg/mL ( Fig. 7B ; P Ͻ 0.05 versus negative control, n ϭ 5-8). Pretreatment with SB 239063 (40 mg/kg) decreased serum levels of TNF-␣ down to 96 Ϯ 23 pg/mL in endotoxemic animals ( Fig. 7B ; P Ͻ 0.05 versus vehicle, n ϭ 5-8). Together, it was found that inhibition of p38 MAPK signaling reduced endotoxin-induced production of TNF-␣ in the liver and serum by more than 58%. CXC chemokines have been shown to play a critical role in the hepatic infiltration of leukocytes. 9 The liver content of CXC chemokines in negative controls was low but detectable (Fig. 7C, D) . Notably, the expression of MIP-2 and KC in livers of endotoxin-treated mice increased markedly, ie, from 0.08 Ϯ 0.03 ng/g and 0.24 Ϯ 0.04 ng/g at baseline up to 20.6 Ϯ 2.6 ng/g and 36.3 Ϯ 12.4 ng/g liver tissue, respectively (Fig. 7C, D , P Ͻ 0.05 versus negative controls, n ϭ 5-8). Interestingly, pretreatment with 40 mg/kg of SB 239063 reduced MIP-2 and KC levels down to 5.0 Ϯ 1.1 ng/g and 11.2 Ϯ 4 ng/g liver tissue, respectively, in endotoxemic mice ( Fig. 7C and D ; P Ͻ 0.05 versus vehicle, n ϭ 5-8). Thus, we observed that inhibition of p38 MAPK signaling decreased LPS-provoked expression of CXC chemokines by more than 69% in the liver. 
DISCUSSION
This study demonstrates an important role of p38 MAPK signaling in endotoxin-induced liver injury. Our data show that phosphorylation of p38 MAPK regulates hepatic expression of TNF-␣ and CXC chemokines in endotoxemic mice. Moreover, we found that inhibition of p38 MAPK activity protected against LPS-induced leukocyte rolling, adhesion, and sequestration in the liver microvasculature. Indeed, this inhibition of leukocyte responses exerted by p38 MAPK inhibition significantly decreased endotoxin-induced hepatocellular apoptosis and damage. Taken together, these novel findings suggest that the p38 MAPK signaling pathway plays a central role in the generation of pro-inflammatory mediators, leukocyte recruitment, and hepatotoxicity in the liver and that p38 MAPK may be an attractive target to protect against septic liver injury.
MAPKs play a key role in inflammation by integrating and processing extracellular stress signals and regulate fundamental cellular responses, such as pro-inflammatory cytokine production, cytoskeletal reorganization, and apoptosis. 10 In the present study, we found that endotoxin challenge increased phosphorylation and activity of p38 MAPK in the liver. Moreover, it was observed that LPS exposure caused p38 MAPK-dependent phosphorylation of ATF-2 in the liver. Notably, administration of SB 239063, which is secondgeneration p38 MAPK inhibitor, 23 not only blocked the kinase activity of p38 MAPK (ie, ATF-2 phosphorylation) but also reduced liver enzymes (ie, ALT and AST) by more than 80% in endotoxemic mice. These findings suggest that inhibition of the p38 MAPK signaling pathway significantly protects against endotoxin-induced hepatic damage and that septic liver injury may thus be added to the list of conditions, including reperfusion injury, 11, 12 joint inflammation, 19 asthma, 26 and glomerulonephritis 27 that are ameliorated by interfering with p38 MAPK activity. Convincing data have demonstrated that TNF-␣ plays a key role in the pathogenesis of LPS-induced hepatocellular injury. 25 Indeed, we found that inhibition of p38 MAPK signaling reduced the levels of TNF-␣ in the liver and circulation by nearly 60% in endotoxemic mice, supporting the notion that interference with p38 MAPK signaling exerts a protective effect on endotoxininduced hepatotoxicity. One important role of pro-inflammatory cytokines in sepsis is to activate endothelial cells and support the recruitment of leukocytes. [1] [2] [3] Tissue infiltration of leukocytes constitutes a key feature in host-defense reactions; but under certain situations, such as ischemia-reperfusion injury, graft rejection, and endotoxemia, activation and infiltration of leukocytes may cause organ damage. 27 Indeed, numerous studies have documented that leukocyte recruitment constitutes a rate-limiting step in septic liver injury by demonstrating that LPS-provoked liver injury is markedly attenuated in adhesion molecule (P-selectin and LFA-1)-targeted and in neutrophil-depleted animals. 7, 8 By use of intravital fluorescence microscopy, we found herein that inhibition of p38 MAPK activity markedly decreased leukocyte rolling and firm adhesion in postsinusoidal venules as well as trapping of leukocytes in sinusoids in the liver of endotoxemic mice, suggesting that hepatic leukocyte responses are regulated by the p38 MAPK signaling pathway in response to LPS challenge. Indeed, we found that the inhibitory effect of SB 239063 on leukocyte recruitment (60%-84% reduction) correlated very well to the reduction in liver enzymes (80% reduction) and apoptosis (81%-88% reduction). Chemokines have emerged as a dominating group of molecules regulating tissue infiltration of leukocytes in several disease models. 9,30 -32 We have previously shown that CXC chemokines play a critical role in endotoxin-induced extravasation of leukocytes in the liver. 9 In this study, we 
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observed that inhibition of p38 MAPK activity markedly suppressed hepatic formation of MIP-2 and KC in endotoxemic mice. Indeed, we found that inhibition of p38 MAPK not only abolished CXC chemokine formation but also markedly decreased LPS-induced leukocyte responses in the liver. Knowing that inhibition of CXC chemokine function substantially protects against LPS-induced liver injury, 9,33 our novel data suggest that attenuation of CXC chemokine formation may help explain this protective effect in the liver exerted by SB 239063. Thus, considered together, this is the first study showing that the p38 MAPK signaling pathway plays a critical role in LPS-induced expression of CXC chemokines and leukocyte recruitment in the liver. In this context, it is worth noting that these findings do not necessarily exclude a potential role of other MAPK subfamilies, such as ERKs and JNKs, in LPS-induced hepatotoxicity. Considering that the ERK signaling pathway does not appear to play a significant role in mediating LPS-provoked TNF-␣ production in macrophages, 34, 35 whereas both JNK and p38 MAPK are required for maximal TNF-␣ biosynthesis in macrophages, 36 -38 it may be worthwhile to also investigate the potential role of JNK signaling in this liver model in the future.
It is widely held that apoptosis constitutes a central feature in sepsis, 39 and numerous studies have confirmed prominent apoptosis of hepatocytes in endotoxin-induced liver injury. 7, 9, 40 In this study, we analyzed apoptosis morphologically by Hoechst 33324 staining and biochemically by determining caspase-3 activity in the liver. Both methods demonstrated that LPS increased the level of apoptosis in the liver. Herein, we observed that inhibition of the p38 MAPK pathway markedly reduced the number of apoptotic hepatocytes by 88%, which corresponded very well to the 81% decrease in hepatic levels of caspase-3 in endotoxemic mice. TNF-␣ may induce hepatocellular apoptosis directly or indirectly via stimulating hepatic infiltration of leukocytes. In addition, based on recent findings, 40, 41 it has been suggested that there may be an escalating mechanism in the liver, involving chemokine-induced neutrophil recruitment, which causes apoptosis on one hand, and apoptosis-induced secretion of chemokines, which causes neutrophil infiltration on the other. 9 The fact that inhibition of p38 MAPK activity decreased both TNF-␣ formation and subsequent leukocyte infiltration may together help to explain the highly potent antiapoptotic effect exerted by SB 239063 in endotoxininduced liver damage as observed in the present study.
Sepsis is a dynamic process characterized by an early pro-inflammatory phase associated with organ damage and later an anti-inflammatory phase characterized by immunosuppression and increased susceptibility to infectious complications. 42 Our data show that pretreatment with the p38 MAPK inhibitor protects against liver injury early in the hyperinflammatory phase of septicemia. In this respect, it is interesting to note that previous studies have also suggested a role for p38 MAPK signaling in the induction of immune dysfunction at later stages of septicemia. [43] [44] [45] For example, it has been shown that Th 1 -lymphocyte-mediated immune responses are suppressed 12 hours after induction of sepsis. 43, 45 Thus, Song et al 45 reported that inhibition of p38 MAPK signaling attenuates IL-4 and IL-10 expression while increasing production of IL-2 and IFN-␥ in lymphocytes and thus helps restoring Th 1 responsiveness in the hypoinflammatory phase of septic mice. Considered together with our present findings, it may be suggested that inhibition the p38 MAPK pathway exerts protective effects in multiple phases of septicemia, although the actual mechanistic role of p38 MAPK signaling may be principally different in a specific phase of the immune response in sepsis. In this context, it is interesting to note that modulation of the major cytokines involved in sepsis, such as TNF-␣ and IL-10, may be more complex since these mediators exert diametrically opposite effects in the different phases of sepsis. For example, inhibition of TNF-␣ synthesis is protective in the early hyperinflammatory phase 46,47 but may be deleterious in the later immunosuppressive phase when TNF-␣ is necessary to combat infections. 48, 49 Likewise, pretreatment with IL-10 is beneficial in the early hyperinflammatory phase of sepsis because of its anti-inflammatory capacity 50, 51 and immunoneutralization of IL-10 at the time of sepsis induction exacerbates mortality. 52, 53 In contrast, inhibition of IL-10 after induction of sepsis actually improves survival. 52 Indeed, this immunosuppressive phase of sepsis has been reported to be induced by endogenous IL-10 secretion. 42 Thus, TNF-␣ and IL-10 appear to be either protective or harmful depending on the time of intervention. Thus, it may be speculated that this complex balance of cytokine actions may be circumvented for therapeutic purposes by p38 MAPK inhibitors that appear to be protective in all phases of sepsis.
CONCLUSION
This study shows that phosphorylation and activity of p38 MAPK are increased in septic liver injury. Moreover, our data demonstrate that competitive inhibition of p38 MAPK activity by administration of SB 239063 inhibits endotoxininduced CXC chemokine formation, leukocyte recruitment, and hepatocellular apoptosis in the liver. Thus, these novel findings suggest that p38 MAPK may be a useful target to treat pathologic inflammation in septic liver injury. 10 
Discussions
DR. EGGERMONT: I congratulate you on a comprehensive experimental study demonstrating the role of p38 kinase dependent pathways in endotoxemia-mediated liver damage and the number of cascades that it actually can down-regulate or upregulate and how you can intervene with p38-kinase inhibitors.
My first question regards that you are the first one to show the role of leukocyte entrapment in this model for this particular kinase pathway. In TNF-mediated vascular damage models that we have in tumor models in my laboratory, we found that leukocyte entrapment plays an absolutely crucial role to achieve complete vascular damage and that IL-1␤ is a crucial cytokine. In your model, it is MIP2, macrophage inflammatory protein 2. My question is whether you have looked at a potential role of IL-1␤. For in our tumor model, it is not just crucial for endothelial apoptosis and vascular destruction but also for the leukocyte invasion of the tumor parenchyma. So there might be a difference here between tumors and livers, and what you have demonstrated may be a liver-specific phenomenon.
My second question is: are the leukocytes crucial for the necrosis that you have shown? You quantify extensively the apoptosis and the direct TNF-mediated apoptosis, and you have evaluated that very nicely in 2 ways. But you are a little scant with your evaluation of the amount of necrosis that is actually observed, and I think that is crucial because that sets into motion the whole second wave of damaging effects in your liver endotoxemia model. My third question is that I would like you to speculate on the potential use of these kinase inhibitors in the clinical setting because here you are mostly showing a protective effect when the drug is administered before the endotoxemia. Obviously, in the clinic, the question will be different. And will the drug be administered when endotoxemia is suspected or diagnosed? So what would be your time window, what is your opportunity to use these types of kinase inhibitors successfully in the clinical setting? When will it be too late? DR. THORLACIUS: Thank you Dr. Eggermont for your questions.
The answer to question number 1 is no. It is known that this model is completely dependent on TNF, and interleukin-1 is probably also involved. When it comes to the role of leukocytes in causing the injury in this model, I want to emphasize that since inhibition of specific adhesion molecules, such as P-selectin and LFA-1, blocks leukocyte recruitment in this model and also protects against the liver damage, one may conclude that leukocyte recruitment plays a critical role in endotoxin-induced liver injury. Concerning the clinical setting and the time window for therapy, I would like to stress that sepsis has 2 phases: an early hyperinflammatory and a later hypoinflammatory phase, characterized by immunosuppression, in which most of the patients in clinical settings are observed. The interesting thing is that we have shown here that, in the early hyperinflammatory phase, p38 MAPK inhibition protects against the inflammatory organ damage. Others studies have shown using a similar model that the immunosuppressive phase after 12 hours characterized by lymphocyte depletion in secondary lymphatics due to apoptosis is also reversed by p38 MAPK inhibition. Moreover, in the late hypoinflammatory phase, you can see a shift from Th1 protective immunity against bacteria to a Th2 response and p38 MAPK inhibition actually restores the Th1 responsiveness by increasing interleukin 2 synthesis. So I think that for therapeutic purposes and considering the time window that MAPK inhibitors may actually work both in early and late phases of the septic liver injury. This is in contrast to the complex cytokine interactions observed in sepsis, ie, TNF-␣ is causing organ damage early but is necessary to combat infections in the late hypoinflammatory phase and vice versa IL-10 is protecting in the early phase but deleterious during the immunosuppressive late phase. Thus, p38 MAPK inhibition may for therapeutic purposes circumvent the complexity of cytokine actions, which are usually operating opposite directions in different phases of sepsis. DR. SENNINGER: I also enjoyed your paper very much. I have 2 short questions:
First is concerning your experiment: was this a consistent finding in all animals and how large was the group size? But secondly and more importantly, I would like to address the problem of marginal livers. You might be aware that Peter Friend in Oxford has a porcine transplant model running, whereby extended warm perfusion preservation you could modify the quality of the organ. Taking into account that a lot of our donors undergo intensive care for maybe 3 to 4 weeks, rendering the livers may be marginal and not suitable for splitting, I would be interested whether we could have a chance to introduce a treatment as you did here and improve liver function. DR. THORLACIUS: The groups consist of 5 to 8 animals in each group, and it is, of course, speculative to answer your question whether it is feasible. It may be feasible because the drugs can be used clinically but are now mainly in early phases of rheumatoid arthritis with promising results. An advantage compared with other inhibitors like antibodies you have to deliver intravenously, is that this type of antagonists can be orally taken. But I cannot answer the question on marginal donors but only speculate that, since TNF-␣ is generally important in the liver pathophysiology, I would expect that there is reason good enough to test your suggestion. PROF. CLAVIEN: Thank you very much for another exciting study from your group. I have 3 questions. The first question relates to the timing of administration of your inhibitor of p38 MAPK. Animals were pretreated with the drug before the LPS/Gal challenge, a strategy that is not applicable in the clinical setting, as we can intervene only after the endotoxemia. Did you look at the effects of the p38 MAPK inhibitors if given after the challenge with LPS/Gal? My second question relates to leukocyte-endothelium interaction investigated with intravital microscopy, which provides data only in the periphery of the liver. Do you have any evidence regarding leukocyte adhesion deeper in the liver? My third question is similar to the one I asked last year regarding your previous ESA paper. You looked at apoptosis only with the Hoechst staining, which additionally shows only a modest increase in positive cells. In your slide, we see mostly necrotic changes. Did you look at other markers of apoptosis, which may more convincingly support a mechanism involving TNF-mediated apoptosis? DR. THORLACIUS: Thank you, Dr. Clavien, for your questions. The inhibitor of p38 MAPK was only given as pretreatment, but I do agree that is would have been of interest to also test late treatment in order to simulate the clinical setting. Concerning your question whether these intravital observations at the liver surface also represent deeper segments of liver, I think that in general there is correspondence and this is supported by the histology in our study. I agree that apoptosis should be evaluated by more than one method, and we have actually done that herein, ie, we used both caspase-3 and Hoechst 33324 staining, and the results indicate that there is around 40% apoptosis in the damaged liver, which in my opinion is not a low level of apoptosis.
